. Although hormones are classical homeostatic modulators in all tissues, endocrine control of brain function has been implicitly considered less important than paracrine modulation by neurotrophic factors and other local cell-to-cell messengers. This is likely owing to the existence of functional and anatomical brain barriers that have been considered an unsurmountable obstacle for blood-borne macromolecules with neuroactive potential (2) . With the exception of lipid-soluble molecules, such as hormonal steroids, passage of molecules through the brain barriers is mostly restricted to ions and nutrients (3) . Thus, brain cells have been considered out of reach of serum-protein hormones and circulating trophic messengers in general. In addition, both neurons and glial cells synthesize many different growth factors, which argues against the idea that the same molecules that are locally available need to be recruited from the periphery. Based on these observations, it is currently accepted that local messengers are the principal trophic input to neurons.
However, a number of apparently unrelated observations suggest that normal brain function relies on a peripheral neurotrophic network that provides constant protective surveillance against functional derangement. This article focuses on the major observations supporting this notion.
Circulating Growth Factors and Central Nervous System Diseases
Brain growth factors and cytokines are drastically altered in the course of all types of brain lesions (4) . The complex array of changes found for each particular disease and cell type makes it difficult to establish the pathological significance of these alterations. However, it is widely assumed that local changes in neurotropic proteins reflect adaptive responses to neuronal death. Whether these responses help or otherwise hinder recovery of function is controversial, although it is probable that both beneficial and detrimental effects occur (5).
In search of possible markers of neurodegeneration, clinically oriented studies have begun to determine levels of different neurotrophic factors in the cerebrospinal fluid (CSF) of patients afflicted with different neurodegenerative diseases. The relative ease in obtaining serum samples from these patients, as compared to CSF, prompted evaluation of serum levels of neurotrophic factors even though synthesis of these factors in organs other than the brain (6) (7) (8) makes it difficult to establish a relationship between changes in serum levels of neurotrophins and the neurodegenerative process. Many neurotrophic factors, including the neurotrophins, FGFs, insulin-like growth factors (IGFs), and so on, have detectable serum and CSF levels that in many instances are changed in neurodegenerative diseases (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Although for most neurotrophic factors information relative to serum and CSF levels in different neurodegenerative conditions is scarce, in the case of IGFs detailed information is already available (see 19 for a review). The major conclusion is that all neurodegenerative diseases studied so far, including major illnesses such as Alzheimer's disease (AD), multiple sclerosis (MS), or stroke, as well as many types of inherited and idiopatic neurodegenerative diseases, show changes in serum IGFs levels, and in many cases also in the CSF. Although the relationship of these changes to the pathogenesis of the different diseases remains to be established, these observations lead to the following question: Do changes in serum levels of neurotrophic factors relate to changes in brain levels?
Serum Neurotrophic Factors Cross the Blood-Brain Barriers
For years, it has been considered that neurotrophic factors should be locally synthesized by brain cells because the blood-brain barriers isolate the brain from blood-borne macromolecules. Furthermore, neurotrophic factors, such as the neurotrophins, have long been considered to be biologically relevant only in brain physiology even though the first known biological source of nerve growth factor, the founding member of the family, was the male mouse submandibular gland (6) . However, new evidence is gradually changing this conception. First, all trophic factors active in the brain are also present in the periphery; second, and most important, many of them, including insulin, IGF-I, FGF-2, Epidermal Growth Factor (EGF), the neurotrophins, and so on, cross the blood-brain barriers (20) (21) (22) (23) (24) (25) (26) . The main route of entrance into the brain appears to be the blood-CSF pathway through the choroid plexus (CP). Although the underlying mechanisms are not yet known, transport of neuroactive growth factors across the CP epithelium includes a receptor-specific process, similar to what is well-established for other blood-borne proteins, such as transferrin or albumin (27) . Once in the CSF, growth factors reach specific targets throughout the brain parenchyma by unknown mechanisms, possibly including binding to carrier proteins and/or retrograde transport from the ventricular surface (28, 29) . At any rate, potent biological effects of blood-borne neurotrophic factors on different brain areas indicate that they can target specific neuronal populations (21, (30) (31) (32) (33) . The diversity of effects reported support a physiological role for this novel route of action of blood-borne growth factors. However, little is known about the physiological conditions under which serum growth factors access the brain, or whether this process is constitutive or regulated. Nevertheless, changes in the blood-CSF growth factor pathway have already been suggested to be involved in brain pathology (3, 21, 32) .
Circulating IGF-I is a Physiological
Neuroprotective Agent IGF-I circulates in blood at high concentrations, forming stable, long-lived protein complexes with several IGF-binding proteins (34) . Although all types of tissues synthesize IGF-I, the main source of blood-borne IGF-I is the liver (35) . Since the establishment of the "somatomedin hypothesis" (34), IGF-I has been considered the principal effector of growth-hormone actions in somatic growth. For this reason, the endocrine role of circulating IGF-I has been extensively studied in past years (34) . However, recent observations indicate that major disruptions in the IGF-I endocrine system do not alter somatic growth (7, 35, 36) , leaving liver-derived serum IGF-I without a clear physiological function.
Parallel to this questioning of the classical endocrine role of serum IGF-I, several reports started to show that serum growth factors can enter into the brain crossing the brain barriers (see above). Original studies focused on the passage of serum insulin into the brain because both insulin and insulin receptors are present in brain tissue, but no local synthesis of insulin, if any, could account for the levels of protein found in brain (37) . While insulin passes from the blood to the brain likely through the blood-brain barrier present in the capillary endothelium (38, 39) , other growth factors cross at a much higher rate through the blood-choroid plexus interface (21, 33) .
Initially, these observations met considerable resistance because the brain barriers, sealed by tight junctions, were considered to impede passage of serum macromolecules (2) . However, recent views on the functional role of the CP propose an active role of this specialized epithelium in the controlled transfer of neuroactive signals, including neuroactive growth factors from the blood into the brain (3). Although the mechanisms involved in this transport are not yet clear, we know they include a receptordependent stage. Indeed, receptors for IGFs, FGFs, and the neurotrophins, to name a few, are present either in the capillary endothelium, the choroid plexus epithelium, or both (3, (40) (41) (42) . Preliminary evidence from our laboratory indicates that at least for IGF-I, transcytosis via specific subcellular compartments within the choroid epithelium appears as a likely mechanism of passage to the CSF for this growth factor. Transcytosis through the CP of proteins such as transferrin or transthyretin is wellknown (3, 43) . Once in the CSF, IGF-I may bind to different IGF-binding proteins abundant in the CSF (29) that serve both as carriers and biological reservoirs of IGFs. In turn, the ventricular surfaces contain cells expressing IGF-I
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receptors (44) . Thus, CSF-borne IGF-I can rapidly gain access to widely separated target areas throughout the brain (3). Indeed, bloodinjected digoxigenin-labeled IGF-I reaches target cells in the hippocampus, cerebellum, or brainstem within minutes after its injection (21) .
Evidence that the passage of serum IGF-I to the brain bears functional significance comes from different sources. First, IGF-I receptors are distributed diffusely throughout the entire brain even though the sites of IGF-I synthesis are restricted to circumscribed areas such as the olfactory bulb, hippocampus, cerebellum, or spinal cord (45) . Besides this apparent mismatch between receptor localization and ligand availability, levels of IGF-I in the brain remain relatively stable throughout development and adulthood, whereas levels of IGF-I mRNA gradually decrease along development to reach low levels in the adult (46) (47) (48) . An extracerebral source for brain IGF-I would easily explain these discrepancies. Second, tranport of bloodborne IGF-I into the brain appears to be regulated by physiological stimuli, such as physical exercise (21) . For example, we have gathered evidence (Trejo, Carro, and Torres-Aleman, 2001, in press), that an increased transport of serum IGF-I into the brain mediates the stimulatory effects of exercise on brain neurogenesis (49) and c-fos activation (21) .
Additional evidence in support of a physiological role of circulating IGF-I in the brain comes from the variety of central effects exerted by systemic administration of IGF-I. Thus, a bolus intravenous injection of IGF-I produces a protracted increase in neuronal excitability both under basal conditions as well as after afferent stimulation (21, and our unpublished observations). This procedure also results in increased hippocampal BDNF expression (21) , an effect also produced by physical exercise (50). Furthermore, serum IGF-I is essential for adult hippocampal neurogenesis (30, and Trejo, Carro, and TorresAleman, 2001, in press). IGF-I shows also strong neuroprotective effects when given peripherally (51) through upregulation of antiapoptotic and growth-promoting proteins (31, 32, 52) .
A Neuroprotective Surveillance Network
Based on the observations previously, outlined, we propose that circulating neuroactive growth factors such as IGF-I or FGF-2 (and probably others as well) form part of a surveillance mechanism developed by the body to maintain brain homeostasis. We envisage this surveillance as a two-armed process. First, serum neurotrophic factors will be involved in what we may term "preemptive measures" designed to help neurons adapt to constantly changing functional needs. Modulation of homeostatic mechanisms underlying basic cellular processes such as energy demands and membrane excitability will be a first priority. Indeed, glucose accumulation and consumption, oxygen availability, membrane ion-channel activity, calcium-flux levels, and many other basic processes are all targets of growthfactor actions in the brain (53) . Other known actions of neurotrophic factors including their ability to modulate neurotransmitter receptor function, synaptic strength, or cytoskeleton dynamics that form the basis of neural plasticity events will also importantly contribute to keep neuronal function within appropriate physiological limits (54, 55) . This type of process may explain the common observation that administration of neurotrophic factors prior to brain damage results in reduced neuronal death; i.e., neurons are "tuned-up" by neurotrophic factors to cope better with homeostatic derangements.
A second essential component of this surveillance network will include protection from pathological disturbances when preventive mechanisms are overcome. Neurotrophic factors protect neurons against an extraordinary variety of threats such as oxidative stress, excitotoxicity hypoxia, hypoglycemia, and other insults normally occurring along the life of the neuron. Furthermore, when these protective effects fail, ultimate approaches such as neuron replacement through growth factor-regulated neurogenesis may also take place (30, 33) .
Neuroprotective serum factors may in this way be included in a surveillance network
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Torres-Aleman similar to the immunogical surveillance network of which circulating cytokines form a part. At first glance this may look like just a new name for a well-known role of neuroactive serum hormones. After all, that gonadal and adrenal steroids play important roles in neuronal survival has long been known. However, our view suggests a functional relationship between peripheral protein growth factors and brain homeostasis more important than previously considered. Specifically, we propose that the tonic trophic input that appears to be essential for proper brain function derives not only from local factors present in the neuronal microenvironment but also from blood-borne neurotrophic signals such as IGFs, FGFs, the neurotrophins, and others. As previously noted, all these factors are also synthesized by brain cells. So, what might be the reason for this apparent redundancy?
Trophic Redundancy as a Neuroprotective Strategy
There are many apparently redundant processes in brain physiology. During neurogenesis, approx 50% of neurons die at different stages along development (56) . From neuropathological studies in the adult brain, we know that neurological deficits appear only after the function of a substantial number of neurons is compromised. Can we infer from these observations that the developing brain produces excess neurons or that the adult brain needs only a subset of its cells for appropriate functioning? It is obvious that what we may interpret as redundant processes only reflects a lack of knowledge of the biological significance of our observations. In the case of blood-borne neurotrophic factors, should we consider them redundant?
A first possibility is that redundancy of trophic inputs truly exists and is a strategy to assure neuronal survival. If a source of trophic input disappears owing to pathological derangement (for example, after cell death-induced deafferentation), alternative sources will continue providing trophic input to keep target neurons functional. A second possibility is that redundancy is only apparent. For example, different sources of a same neurotrophic factor may merely reflect compartmentalization of trophic signaling. This will result in a distinct functional significance for each source of trophic factor. In other words, it is the anatomical location of the trophic signal together with its identity that confers biological relevance. Because functional compartmentalization is the rule rather than the exception in classical neurotransmission, we will use a comparative approach between neurotransmitters and growth factors to illustrate this notion, i.e., the IGF-I and glutamate inputs received by Purkinje cells in the cerebellar cortex. Adult Purkinje cells, albeit at lower levels than during development, synthesize IGF-I (57), so they are exposed to IGF-I secreted by neighboring cells. In addition, they receive and depend for proper functioning on IGF-I input from climbing fiber afferents (58, 59) . Finally, they can also accumulate blood-borne IGF-I (21). Glutamate is the neurotransmitter used by the two main afferents to Purkinje cells, i.e., parallel fibers and climbing axons. However, Purkinje cells distinguish the two signals, despite some possible perisynaptic leakage of glutamate (60) , because the glutamate signal is anatomically constrained. Similarly, IGF-I synthesized by Purkinje cells may signal a subpopulation of Purkinje cells or other neighboring cells different from those cells receiving IGF-I input from climbing axons or from those Purkinje cells that accumulate blood-borne IGF-I. Although no colocalization studies have been performed, the subpopulation of Purkinje cells that express IGF-I receptors may be different from the subpopulation that synthesizes IGF-I. Furthermore, IGF-I receptors are localized only in synapses that in turn show different anatomical distribution in subpopulations of Purkinje cells (61) . Thus, compartmentalization strategies developed for neurotransmitter signaling may also underlie neuroprotective signaling.
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Conclusions
Recent observations suggest that blood-borne neurotrophic factors play a role in brain homeostasis more important than previously expected. Serum levels of an increasing list of neurotrophic factors are changed in many neurodegenerative diseases. Blood-borne neurotrophic factors cross the blood-brain barriers and modulate brain function. Based on these observations we propose that circulating neurotrophic factors form part of a neuroprotective surveillance network. Surveillance mechanisms include preventive as well as defensive processes. The former allow neurons to adapt to normal functional demands. The latter permit neurons to cope with harmful situations. Although the subject of this review has focused on IGF-I, it is reasonable to assume that other neurotrophic factors present in serum are involved in similar mechanisms. After all, the trophic effects of IGF-I on brain cells are indistinguishable from those exerted by other neurotrophic factors.
